Fragility fractures are generally associated with substantial loss in trabecular bone mass and alterations in structural anisotropy. Despite the high correlations between measures of trabecular mass and mechanical properties, significant overlap in density measures exists between individuals with osteoporosis and those who do not fracture. The purpose of this paper is to provide an analysis of trabecular properties associated with fragility fractures. While accurate measures of bone mass and 3-D orientation have been demonstrated to explain 80% to 90% of the variance in mechanical behavior, clinical and experimental experience suggests the unexplained proportion of variance may be a key determinant in separating high-and low-risk patients. Using a hierarchical perspective, we demonstrate the potential contributions of structural and tissue morphology, material properties, and chemical composition to the apparent mechanical properties of trabecular bone. The results suggest that the propensity for an individual to remodel or adapt to habitual damaging or nondamaging loads may distinguish them in terms of risk for failure.
Introduction
Osteoporosis is characterized by compromised bone integrity [46] , increased vulnerability to fractures that impair a person's quality of life [48, 64] , and increased mortality [6, 30] and, as such, constitutes an enormous physical and economic burden in the aging population. The primary objective of osteoporosis treatment, to prevent fractures, is dependent on accurate and effective methods for characterizing bone integrity and the associated fracture risk in an individual. Early detection of a loss in bone integrity would enable the implementation of treatment regimens that may substantially improve outcomes and prevent the morbidity and costs that follow the advent of a fracture. Early diagnosis may also be important since the effectiveness of treatment diminishes with disease progression. Currently, patients are rarely symptomatic before considerable bone loss has occurred and in some cases not until after they have suffered their first fracture [13, 27] . It has been generally believed that the bone loss leading to osteoporosis begins at menopause in women (caused primarily by sex steroid deficiency) and later in life in men (caused by age-related factors) [53, 56, 61] . According to a more recent study, however, trabecular bone loss begins in young adulthood in both sexes and continues unabated throughout life [57] . Therefore, assessment of bone strength in individual patients of all ages is key to successful determination of fracture risk.
The most current view of osteoporosis, as emphasized at a recent consensus meeting sponsored by the National Institutes of Health and the American Society of Bone and Mineral Research, defines bone strength as an integration of both quantity and quality [46] . While bone quantity (mass) strongly correlates with strength [32] , substantial variability remains unexplained [23] and growing evidence continues to demonstrate that measures or surrogates of bone quality are important for the evaluation of bone status [21, 52] . Although somewhat controversial and poorly defined, quality has been referred to as a combination of apparent modulus and strength as well as some quantified measures of the geometry, morphology, microdamage, material (tissue), and chemical properties of the bone [29] . From an engineering perspective, bone strength depends on a combination of its structural and material properties, both of which can be modulated by bone turnover [62] . Structural properties depend on the size and shape of the bone (ie, cortical thickness, cross sectional area, moments of inertia), the microarchitecture of the bone (ie, cortical porosity, trabecular morphology, degree of anisotropy), and the amount of accumulated damage (microcracks). Material properties depend on the degree of mineralization, the crystal size of minerals, the amount and type of collagen crosslinks, the interactions of mineral with the matrix, other proteins, and fat [29] .
The purpose of this paper is to provide an analysis of trabecular properties associated with aging and fragility fractures using a hierarchical perspective in which we demonstrate the potential contributions of both bone quantity and quality to the apparent mechanical properties of trabecular bone. While accurate measures of bone quantity and quality have been demonstrated to explain nearly 90% of the variance in mechanical behavior, clinical and experimental experience suggests that the unexplained proportion of variance may be a key determinant in separating high-and low-risk patients. The information in this paper will consist of a review of prior studies on bone hierarchical properties in the literature combined with data from our laboratory in an effort to identify those factors that may be most influential in discriminating between low and high risk for fracture.
Current Assessment of Bone Quantity
Current conventional wisdom suggests that the most dominant factor related to skeletal fragility due to aging or osteoporosis is reduced bone mass. Measures of bone mineral density (BMD) have been demonstrated to explain a substantial portion of the risk of osteoporotic fractures [16, 39, 40] . Despite its limitations, areal bone mineral density (aBMD) by dual-energy xray absorptiometry (DXA) is widely used in clinical practice for the diagnosis and management of osteoporosis. aBMD can predict subsequent vertebral fractures with an increase in relative risk by 50% to 150% with each standard deviation decrease in bone mass, which is at least as good as the ability of blood pressure measurements to predict stroke and better than the predictive ability of serum cholesterol for cardiovascular disease [36] . BMD alone, however, does not determine if an individual will sustain a fracture [4, 36] . It is only one of many factors that contribute to bone strength [8] . In fact, there is substantial overlap in density measures between fracture and nonfracture patients [9, 11] . DXA does not provide information on volumetric density distribution, bone geometry, architecture, microstructure, or strength, parameters that have been found to be strong predictors of fracture [42] . Density, structure, and strength variables were highly correlated with spine aBMD, measured by DXA, but each was a stronger predictor of fracture in an age-adjusted logistic regression [42] . Furthermore, an analysis of bone structure and density interactions under different loading conditions revealed that the combination of bone loading estimates with skeletal strength parameters was more strongly associated with vertebral fracture risk than densitometry measure alone [42] .
While BMD (a quantity measure) has traditionally been used for early detection of fracture risk, alternative structural imaging parameters (components of quality) are proposed to better predict the mechanical integrity of bone [43] . The inclusion of structural parameters follows a clear logic based on engineering principles. Following this logic, it is also assumed that accounting for the biomechanical material properties of the bone tissue would also contribute to improved risk prediction. As bone strength or other material properties cannot be directly assessed in vivo, indirect parameters may provide surrogates for fracture risk assessment [43] . In general, the evaluation of bone status is difficult because the bone changes are initially quite small, may not be highly related to apparent density, and are effectively localized to region (ie, one femoral head and not the other) and type of bone (ie, trabecular but not cortical) [43] . However, it has been shown that noninvasive assessment of structural parameters can provide a considerable predictive ability beyond the measurement of apparent density [43] . Importantly, many biologic and metabolic processes can have a great influence on the amount of bone, the local material properties, mechanisms of failure (such as crack propagation) and the ability to blunt or prevent failure. These processes include regulation of remodeling, the accumulation or repair of microdamage, and others. Taken together, the structural and material properties as well as the biologic activities that regulate these properties locally comprise what has been characterized as bone quality.
As noted earlier, the remainder of this paper is focused on describing the contribution of many of these quality factors to the resistance of bone to fracture.
Macrostructural Architecture
The geometry of the bones and the distribution of bone mass play an important role in determining bone strength and appear to differ in ways that parallel the risk of osteoporotic fracture [18, 73] . A recent study found that women with vertebral fractures had a slightly larger crosssectional area accompanied by greater endocortical area and lower apparent cortical thickness, as well as reduced compressive strength in the outer 2 mm of vertebral cortical bone [42] . By estimating overall vertebral strength before and after virtually removing the peripheral 2-mm layer of bone in a finite element model, it has been shown that the cortical compartment carried about one half of the compressive load in both fracture cases and controls [42] . Therefore, although this paper focuses primarily on trabecular bone contributions in determining fracture risk, it is important to remember that the macrostructural architecture of cortical bone plays a crucial role in contributing to bone integrity.
Microstructural Architecture
Since macroscopic measures of bone density have not proven sufficient to explain clinical fracture, many studies have investigated the relationship between the architecture of trabecular bone and its mechanical properties. Work from our laboratory has clearly demonstrated the critical contribution of microarchitecture to the mechanical behavior of extracted volumes of trabecular bone [19, 20] and, as expected, trabecular bone microarchitecture, separate from density measures, has been shown to be an important determinant of bone strength [14] . Importantly, it appears to differ between osteoporotic and normal individuals and with age [9, 18] . Bone from nonfractured subjects has been shown to have substantially higher measures of bone volume fraction, trabecular number, and connectivity than fracture cases with a concomitant increase in apparent moduli and ultimate stress [9] .
Detailed studies of both microarchitecture and density have provided strong correlations with trabecular bone stiffness and strength [19, 20] . Trabecular number, spacing, and connectivity highly correlate with ultimate strength and performed better than BMD derived from DXA in human calcaneal bone [43] . Given that the calcanei were of advanced age, it shows that bone loss, which ultimately leads to fragility fractures, occurs primarily through the loss of trabeculae (with concomitant loss of connectivity and increasing intertrabecular space), but not as a result of trabecular thinning [43] . In a study implementing a mechanical stimulation in ovine femora, the ultimate strength correlated most highly with structure model index (SMI), a purely architectural index, followed by bone volume fraction [44] . This important result implies that architecture may be considered an adjuvant to density for the evaluation of bone status and perhaps a viable alternative to densitometry. SMI and bone volume fraction also correlated with trabecular thickness and trabecular spacing, and less with trabecular number and connectivity. From a mechanistic perspective, this suggests that an increase in bone volume results in an increase in trabecular thickness, but does not cause an increase in trabecular number or connectivity [44] . Extrapolation of these results might support a strategy for a therapeutic intervention, such as mechanical stimuli, resulting in thickening of existing trabeculae, and not an increase in the number of trabeculae. However, ultimate strength is better correlated with trabecular number than with trabecular thickness. As a result, the maintenance of trabeculae is likely more important for the strength of the bone than is a subsequent increase in the thickness of remaining trabeculae. This supports the idea that prevention of bone loss may be more important and effective than strategies to add bone mass.
In addition to but separate from trabecular morphology, the degree of anisotropy of the trabecular bone (spatial orientation) has been shown to be important [9, 28] . In normal bone, between 80% and 90% of the variance in its mechanical behavior can be explained by the combined measures of density and orientation [19, 20] . Trabecular bone is highly anisotropic in nature and tends to form or reorganize itself toward the principal loading axis in order to increase its ability to withstand greater forces in the direction of maximal or habitual loading, regardless of bone density [27, 44] . The importance of trabecular anisotropy was remarkably demonstrated in a recent study we performed on bone sampled from hip fracture patients. Trabecular bone specimens retrieved from hip fracture patients were compared to site-matched specimens from a comparable sample extracted from unfractured cadaveric donors. When a group of specimens matched by density (using high-resolution micro-CT) were compared across the two groups, there was a substantial difference in anisotropy [9] . The osteoporotic hip fracture patients demonstrated an increase in anisotropy compared to controls ( Fig. 1) . Although the volume of bone tissue was equivalent between the groups, the hip fracture patients organized a greater amount of the bone tissue in the direction of habitual loading [9] . Consequently, during a fall in a direction orthogonal to the axis of habitual loading, the highly oriented bone (fracture group) had reduced ability to withstand the ''off-axis'' impact. In fact, in osteoporotic patients, trabecular bone reorganization may overcompensate for the low mass status by increasing the degree of anisotropy so that the strength of the bone is only maximized in the frequently loaded direction. Paralleling the findings in the hip, osteoporotic vertebral trabeculae were also shown to be more anisotropic than normal controls [28] , although this adaptation may be advantageous in the spine, given that the mechanism of fracture is likely less related to loads from no habitual directions.
Tissue Material Properties
The mineral content of bone plays a crucial role in determining the stiffness and brittleness of bone tissue [12] and therefore may be associated with osteoporosis-related bone fragility. Although it is widely reported that mineral content increases with age [4, 22, 33] , there have been no statistical differences reported in tissue modulus with age [26] or between patients with and without fractures [27] . However, unpublished data from our lab suggest there may be greater variability in local mineral content (even without differences in average mineral content) in hip fracture patients compared with controls ( Fig. 2A-C) . Therefore, it is conceivable that an increase in the variability of the bone mineral content of the bone tissue will lead to an increase in the number of initiated cracks and their spread, due to the increase in both the highly mineralized and less mineralized tissue.
Extracellular Matrix Properties
Quantifying the properties of bone extracellular matrix (ECM) is essential to defining the etiology and pathogenesis of osteoporosis and age-related increases in bone fragility. In fact, lamellar-level elastic modulus and hardness of bone depend on the microstructure of the ECM [26] . Nanoindentation studies demonstrate that the elastic moduli values for interstitial tissue exceed those for osteonal tissue and the values for trabecular tissue are lower than both [26] . This result is consistent with the fact that interstitial tissue is ''older'' (deposited at an earlier time point) and more mineralized than osteonal tissue. Trabecular tissue would be expected to have the lowest values since it is remodeled much more frequently.
Recent advances in the study of collagen maturation have revealed that collagen cross-links, constituents of the ECM, play an important role in bone strength [49, 50, 68, 71, 74] and proper biological function of bone [60, 67] . Cross-links derived from advanced glycation end products (AGE) have recently been reported to have detrimental effects on the mechanical behavior of bone. The level of serum and urine pentosidine, a well-characterized AGE in collagen, increases substantially with age [65, 72] . Accumulation of pentosidine decreases the mechanical property of bone and is associated with brittleness of collagen fibers [17, [69] [70] [71] . Urinary excretion of pentosidine was found to be associated with future vertebral fracture risk, independent of other traditional fracture risk factors, such as preexisting fractures, BMD, or age [63] .
Cellular Biomechanics
Osteocytes have been hypothesized to play a central role in the mechanoregulatory system in bone. They are thought to contribute to the local maintenance of bone tissue by virtue of their ability to perceive the character of the mechanical demand on the bone and subsequently participate in signaling that regulates resorption or formation. Clearly, this hypothesized role is critical to maintain mechanical integrity of the tissue. As a result, it is logical to hypothesize that degradation in the ability of the osteocytes to sense the local mechanical demand could be responsible for the loss of bone associated with osteoporosis. This change in the ability of the cell to sense mechanical conditions could be caused by changes in the geometry of the osteocyte and its lacuna, changes in the fluid flow surrounding the cell, alterations in the material properties with the pericellular matrix, alterations in the cellular structural properties (such as cytoskeletal elements), changes in the cellular signaling mechanisms, and others. Recent data from our laboratory suggest, however, that neither the size nor shape of the lacunae, which influences the strain in osteocytes, play a role in osteoporotic fracture [37] . On the other hand, unpublished data in our lab suggest the relative properties of the osteocyte cytosol and unmineralized pericellular matrix are critical in influencing the strain in the osteocyte. In addition, the geometry of the lacuna, pericellular space, and osteocyte also act to modify the cell strain relative to the average matrix strain. Taken together, these data provide evidence that subtle changes in the pericellular matrix and possible age-related reduction in intracellular signaling mechanisms may contribute to a decrease in maintenance of ECM integrity and, therefore, bone integrity.
Chemical Properties
Beyond a relativity simple measure of mineral content, variations in the chemical composition of the organic and inorganic constituents of bone may be important in understanding fragility fractures. Mineral composition changes may involve crystallite size and size distribution, structural rearrangement and/or substitution (eg, Mg, CO 3 ) [5] . Analogously, changes in collagen crosslinks or in collagen/mineral interactions may also result in alterations in the mechanical properties of the bone. Based on work in our group in collaboration with Prof. Michael Morris, the carbonate/phosphate ratio, measured by Raman spectroscopy, appears to be a key variable in osteoporotic fractures [38] . The differences in the carbonate/phosphate ratio may indicate a difference in the size of the mineral crystals in the bone tissue and/or may be an indirect measure of recent remodeling activity [38] . Recent data obtained by examining regions of visible damage in femoral bone tissue extracted from subjects who had hip fractures demonstrated a trend towards decreased mineral/matrix ratio. These results suggest the possibility that fractures in those patients were a result of chemical changes in the bone tissue, perhaps as a result of increased remodeling prior to fracture. Therefore, bone tissue quality, as described by chemical composition, may prove to be an additional factor to consider in characterizing the risk for osteoporotic fracture.
Discussion
Osteoporosis and bone fragility have principally been studied with regard to their association with low bone mass [58] . However, it is becoming increasingly evident that additional factors are likely critical to fully characterize the risk of osteoporotic fracture. A variety of factors that coalesce under the rubric of ''quality'' include measures of morphology, architecture, damage, remodeling dynamics, ECM and cellular mechanical properties, chemical constituency, and likely many others. Accounting for some or most of these factors may substantially improve our ability to assess fracture risk. Importantly, it also critical to recognize that many of these factors are influenced by genetic and hormonal regulation, as well as other conditions such as fall dynamics.
As noted above, most of these quantity and quality factors leading to osteoporotic bone fragility appear to be under strong genetic influence. For example, it has been reported that 80% to 85% of BMD is determined by genetics [45, 54] . A recent quantitative trait loci (QTL) study in our laboratories on mice vertebrae utilizing a genetically heterogeneous mouse population demonstrated the complexity of genetic control over vertebral form, function, and aging [55] . The QTL data found genetic markers were associated with traits on at least 13 different chromosomes influencing the size, shape, and/or mechanical properties of the vertebrae [55] . It is also generally recognized that estrogen deficiency plays an important role in the pathogenesis of postmenopausal bone loss and the subsequent development of osteoporosis and fractures [41] . Estrogen deficiency at menopause induces a phase of rapid bone loss over 5 to 10 years that is prevented by exogenous estrogen therapy [34] . Postmenopausal bone loss is associated with an increased bone turnover, reflected by an increase in biochemical markers of bone turnover [24, 59] . In a large cohort of healthy and ambulatory elderly women, the levels of serum estradiol (E2) and sex hormone-binding globulin (SHBG) were predictors of hip fracture, but this association was dependent on body weight [7] . However, women with high bone resorption were at higher risk of hip fracture, independently of other predictors, including hormonal levels [7] . The increased bone resorption, however, was not related to the degree of estrogen deficiency or to the level of serum SHGB [7] .
Recent data suggest falls are a stronger predictor of hip fractures than BMD [31] . Falls increase in frequency with advancing age and account for at least 95% of hip fractures in the elderly [47] . More than a third of communitydwelling elderly people will fall each year and approximately 10% will sustain a major injury [66] . Elderly individuals tend to fall sideways or backward in a manner that applies a load in a direction very different from the usual load-bearing axis of the involved bone. Bone has been shown to be very anisotropic, with a microarchitecture that places more of the trabecular bone in an orientation to maximally withstand loads that are similarly aligned with the loads associated with habitual use (such as walking). Consequently, the proximal femur is more susceptible to fracture when the impact occurs in a direction that is nonhabitual. Thus, the risk of hip fracture is high in response to loads from a sideways fall [8] .
Fractures are likely to occur when the load applied to a bone exceeds its strength, the ability to resist that load. The loads encountered in daily life are a function of body weight, height, and bending moments [15] . The ability to resist them is a function of the cross sectional area and vBMD of the bone [1] . In principle, the ratio of applied load to whole bone strength should predict fracture risk more efficiently than BMD measurements alone [25] . In order to asses this load-to-strength ratio, the activity or event associated with a fracture must be identified, and the applied load and bone strength for that event estimated. The ability of a bone to resist fracture at a given loading configuration depends not only on its mass but also on the spatial distribution of bone tissue and the intrinsic properties of bone material [2, 10, 35, 51] . A recent study showed that the ratio of skeletal loading to bone strength indices, as assessed by QCT, explains the age-and sexspecific patterns of wrist and hip fractures better than does BMD [57] . In addition, a similar study found that age-and sex-specific ratios for vertebral loading, relative to bone strength indices at the lumbar spine, resembled the incidence pattern of vertebral fractures over life more closely than did changes in spine vBMD [3] . Thus, to better understand the mechanisms contributing to fractures, both the forces applied to the bone and the strength of the bone need to be considered. Given the hierarchical properties described in this paper and the fracture data summarized from the literature, several interesting observations and interpretations can be made concerning the factors associated with fracture risk.
Clearly, bone mass is an important factor. However, as noted in our studies evaluating trabecular architecture in a population of fracture and nonfracture subjects, high risk of hip fracture was most associated with the degree of trabecular anisotropy. When matched for bone mass, those individuals with more trabecular bone oriented in the direction of habitual loading were actually at higher risk for fracture.
In the vertebral bodies, the distribution of bone (bone mass organization) was associated with vertebral strength.
A variety of studies have found strong associations between genetic markers and bone structure and strength in both animals and humans.
We have described important relationships between measures of bone chemical constituency (using Raman microspectroscopy), functional properties and fractures. For example, carbonate/phosphate ratios were different between normal and hip fracture subjects.
Taken together, these observations demonstrate a consistently important role of trabecular bone macroscopic architecture, especially its anisotropy or 3-D spatial orientation. Perhaps, more importantly, they may relate to the propensity for an individual to optimally organize the existing trabecular bone in an orientation that tries to maximize load bearing in response to habitual usage patterns. In the hip, this was disadvantageous and placed the subjects at high risk of fractures from falls to the side. In the vertebral bodies, it likely maximizes strength for a given bone mass. Furthermore, the ability of an individual to maintain or perhaps create the structural anisotropy appears to be under strong genetic control. We would propose that the genetic regulation is manifest in the ability of the individual to remodel their trabecular bone in response to local mechanical conditions. Additional support for this premise may come from the Raman analyses. Properties such as carbonate/phosphate ratios may be characteristic of bone that is easier to resorb by osteoclasts and provide the ability for effective remodeling to occur.
In summary, the risk of fracture is far more complex than just assessing bone density. It likely depends on the combination and interaction of geometry, architecture (at all levels of hierarchy), material properties and the distribution of material properties, extracellular and cellular contributions, chemical properties as well as the character of the imposed loads (magnitude, rate, and direction) [4] . Genetics can influence the quantity or quality of bone or the propensity for an individual to alter these features in response to environmental cues or underlying physiological conditions. In fact, our studies could be interpreted to suggest that one of the most important factors associated with an individual's risk of fracture may be their sensitivity or ability and propensity to remodel their trabecular bone to local mechanical factors.
